To improve the extraction efficiency of InGaN/GaN multiple quantum well light-emitting diodes ͑LEDs͒, nanosize cavities were fabricated on a top p-GaN surface by inductively coupled plasma etching utilizing self-assembled platinum clusters as an etch mask. The relative output power was increased up to 88% compared to that of the LED without nanosize cavities. This result could be attributed to an enhancement in the escape of light due to the angular randomization by the nanosize cavities and to the reduced contact resistance due to the increased contact area between the transparent metal layers and the p-GaN. GaN-based optical devices, especially light-emitting diodes ͑LEDs͒, have considerable potential for use in many applications, including automobile brake lights, full color display panels, and solid state lighting sources. [1] [2] [3] In applications for lighting sources, GaN-based LEDs have several advantages, including higher reliability and high brightness. For these reasons, LEDs are increasingly replacing conventional lighting sources and are finding many new applications. In spite of these advantages, the total light-output continues to be low, and modification of device design is needed to increase the light-output efficiency of LEDs.
GaN-based optical devices, especially light-emitting diodes ͑LEDs͒, have considerable potential for use in many applications, including automobile brake lights, full color display panels, and solid state lighting sources. [1] [2] [3] In applications for lighting sources, GaN-based LEDs have several advantages, including higher reliability and high brightness. For these reasons, LEDs are increasingly replacing conventional lighting sources and are finding many new applications. In spite of these advantages, the total light-output continues to be low, and modification of device design is needed to increase the light-output efficiency of LEDs. 4 In general, for conventional planar LEDs, the internal quantum efficiencies are close to 100%. 5 However, the external quantum efficiency is only 3-30 % for most commercial LEDs. 6 The origin of this large discrepancy is due to the fact that the efficiency of light extraction of most conventional LEDs is limited by the total internal reflection of the light generated in the active region of the LED, which occurs at the semiconductor-air interface. This is due to the large difference in the refractive index between the semiconductor and air. For GaN-based LEDs, the refractive indexes of GaN ͑n GaN ͒ and air ͑n air ͒ are 2.5 and 1, respectively. 7 In this case, the critical angle ͓ c = sin −1 ͑n air /n GaN ͔͒ for the light generated in the active region to escape is about 23°. Because light emission from the active region of an LED is directionally isotropic and can escape from the chip only if the angle of incidence to the wall is less than the critical angle, a small fraction of light generated in the active region of the LED is able to escape to the surrounding air. Therefore, for a simple planar GaN-based LED, the external quantum efficiencies are limited to a few percent due to the high refractive index of GaN as well as absorption in the metal pad for current injection.
A number of approaches have been proposed to create more highly efficient LEDs. These include flip-chip packaging for high power light emitters, 4 substrate separation to minimize light absorption by the substrate, 8 transparent layer design, 9 shaping chip design, 10 and a distributed Bragg reflector layer. 11 These findings indicate that the performance of this type of LED can be significantly enhanced compared to that of conventional LEDs. In this paper, we report on roughening of the p-GaN surface using selfassembled Pt metal clusters as an etch mask and generation of nanosize cavities on the p-GaN surface, resulting in improving the performance of an InGaN-based LED. The light-output efficiency of the LED chip with nanosize cavities on a top p-GaN surface was greatly increased compared to that of a conventional LED chip.
Current-voltage ͑I-V͒ measurements showed that the electrical properties of this LED chip were considerably enhanced over those of a conventional LED chip.
Experimental
The LED samples were grown on a c-plane sapphire substrate by means of a metallorganic chemical vapor deposition ͑MOCVD͒ system. The LED structure consisted of a GaN buffer layer, a Si-doped n-GaN layer, 5 periods of InGaN/GaN multiple quantum well ͑MQW͒ active layers, and a Mg-doped p-GaN capping layer. The sample was annealed in a nitrogen atmosphere using a rapid thermal annealing ͑RTA͒ process to activate the Mg dopants in the p-GaN layer. A Pt thin layer with a thickness of 8 or 18 nm was deposited on the top p-GaN surface using an electron beam evaporator. The LEDs with a Pt layer were then annealed at 900°C for 4 and 9 min for Pt layers with thickness of 8 and 18 nm, respectively, to prepare self-assembled Pt clusters by the RTA process. Nanosize cavities were formed on the surface of the p-GaN layer by a dry etching method using an inductively coupled plasma. Figure 1 illustrates the schematic diagram of the LED structure with nanosize cavities. After the nanosize cavities were formed on the top p-GaN surface, the samples were dipped in a boiling aqua-regia solution ͑HCl:HNO 3 = 3:1͒ for 10 min to remove the remaining Pt clusters. To fabricate the LEDs, a mesa-type surface of the p-GaN layer was etched by means of an inductively coupled Cl 2 /CH 4 /H 2 /Ar plasma until the n-GaN layer was exposed for n-type ohmic contact formation. A Ti/Al layer ͑30/80 nm͒ was deposited by e-beam evaporation on the n-GaN layer to serve as an n-electrode and a Ni/Au layer ͑3/8 nm͒ was then deposited onto the p-GaN layer as a lighttransmitting layer. Finally, a Ni/Au ͑30/80 nm͒ film was deposited on the light-transmitting layer as a p-pad electrode. The samples were annealed at 500°C for 30 s under an N 2 ambient to achieve an acceptable metal ohmic contact. Conventional LED chips without nanosize cavities were also fabricated using the same wafer for comparison studies.
Results and Discussion
In our previous study, 12 the wet chemical etching was performed to roughen the top p-GaN surface to increase the extraction efficiency of the LEDs. However, it was difficult to control the size and the depth of cavity-like structures on the p-GaN surface by wet chemical etching process. Hence, to control the p-GaN etch rate, size, and depth of the cavities more precisely, we used a dry etching method that employed an inductively coupled plasma. The average cavity size was in the range from 0.2 to 0.4 m for an 8 nm thick Pt z E-mail: sjpark@gist.ac.kr film and from 0.4 to 0.45 m for an 18 nm thick Pt film, respectively. Three different cavity depths of 30, 50, and 80 nm were produced only by increasing the dry etching time. Figure 2 shows an SEM image of the side view of a dry-etched LED with a cavity depth of 50 nm. We could confirm that the cavities with a high aspect ratio were formed on the LED surface, as can be seen in Fig. 2 . However, when the cavity depth was increased up to 80 nm, the electrical property of the p-GaN surface changed to n-type characteristics. This could be due to plasma etch induced defects such as nitrogen vacancies. 13 Therefore the samples with cavity depths of 30 and 50 nm were mainly investigated in this study. Figure 3a shows the I-V characteristics of the InGaN/GaN MQW LEDs with nanosize cavities. The forward voltages at a current of 20 mA for InGaN/GaN MQW LEDs with a modified top surface were decreased compared to that of a conventional LED. In addition, for the case of InGaN/GaN MQW LEDs with a modified top surface, the slopes of the I-V curve were steeper than that of a conventional LED ͑reference͒, indicating that the series resistance of the InGaN/GaN MQW LED was reduced. The reduction in resistance for the InGaN/GaN MQW LED with a modified top p-GaN surface can be attributed to an improved ohmic contact resistance between the light-transmitting layer and p-GaN layer due to the increased contact area.
14 As a result, we could draw a conclusion that the surface contact area of InGaN/GaN MQW LEDs influenced the I-V characteristics of the LEDs.
To investigate the effect of surface area on the performance of InGaN/GaN MQW LEDs with nanosize cavities, we calculated effective surface areas of each LEDs with different cavity sizes and depths. Figure 3b shows that the effective surface areas of samples B ͑8 nm Pt-20 s etching͒ and D ͑18 nm Pt-20 s etching͒ are larger than those of samples A ͑8 nm Pt-10 s etching͒ and C ͑18 nm Pt-10 s etching͒, respectively. It is also noteworthy that the effective surface area is increased with increasing depth of the nanosize cavities. The forward voltages of InGaN/GaN MQW LED samples B and D are lower than that of LED samples A and C at an input current of 20 mA, respectively, as shown in Fig. 3a . This indicates that the increased surface area due to nanosize cavities on the top LED surface contributes to lower the contact resistance by increasing the contact area between the light-transmitting metal layer and the p-GaN layer.
To further investigate the influence of the top p-GaN surface with nanosize cavities on the light-output performance of the InGaN/GaN MQW LED, we measured the light-output power by using a calibrated Si photodiode. The optical power of InGaN/GaN MQW LEDs was measured from the top side of the LED through the transparent metal layer and also from the bottom side through the sapphire substrate. Figure 4 shows that the light-output powers from the top and bottom sides are higher for InGaN/GaN MQW LEDs with nanosize cavities compared to the reference LED. As shown in Fig. 4 , the light-output power was increased with increasing effective surface area due to the formation of cavities on the top surface, confirming that the effective surface area influences the performance of the LEDs with a modified surface. For the LEDs with the largest surface area ͓sample B͔, the light-output power was enhanced by 88% for the top side and 35% for the bottom side, respectively, compared to a conventional flat surface LED. The increase in the light output power from the bottom side is attributed to the improvement of I-V characteristics due to the reduced ohmic contact resistance. The larger increase in the output power of the LED measured from the top side than the bottom side clearly indicates that the nanosize cavities formed on the top p-GaN surface give the photons higher probabilities to escape from the LED structure than a conventional LED structure. The increase in the light output power from the top side was larger than that of the LED with a microroughened surface on top reported from the previous result, 12 which was increased by 52.4%. This could be due to the good control of size and depth of the cavities on top p-GaN surface compared to the wet chemical etching method. As shown in the results in Fig.  3a and 4 , it can be concluded that an improvement in I-V characteristic play an important role in the increase of light-output power. In addition, the key to enhancing the probability of escape is to provide the photons generated in the active layer of the LED structure with multiple opportunities to escape from the cone. 15 This requires an angular randomization or a scrambling of the photons. Thus, the modified surface structure could improve the probability of photons escaping from the LED, resulting in an increase in the light-output power of the LED, as shown in Fig. 4 . The present results strongly suggest that a p-GaN surface structure modified with nanosize cavities controlled precisely the size and depth play an important role in improving the electrical properties and the light-extraction efficiency of a GaN-based LED.
Conclusions
To improve electrical and optical performance of an InGaN/GaN MQW LED, nanosize cavities were formed on the p-GaN surface using metal clusters. The electrical property of an InGaN/GaN MQW LED with a modified top p-GaN surface was enhanced compared to that of a conventional LED. This can be attributed to a decrease in contact resistance due to an increased contact area between the transparent metal layer and the p-GaN layer. Furthermore, the modified surface structure improved the probability of photons to escape from the LED, resulting in an increase in the lightextraction efficiency of the InGaN/GaN MQW LED due to the angular randomization of photons inside the LED structure. 
